The circle of Willis (CoW) is a key asset in brain performance as it supports adequate blood supply to the brain. The lumped method (electrical equivalent circuits) is a useful model to simulate the process of the human cardiovascular system. In this study, the whole cardiovascular system is modeled, using an equivalent electrical circuit to investigate an aneurysm in an artery. The cerebrovascular system consists of 29 compartments, which includes the CoW. Each vessel is modeled by a resistor, a capacitor and an inductor. Using MATLAB Simulink, the left and right ventricles are modeled by controlled voltage sources and diodes. The effects of the left internal carotid artery aneurysm (Fusiform) on the pressure of the efferent arteries in the circle of Willis are studied. The modeling results are entirely in agreement with the available clinical observations. The results of the present study may have clinical implications for modeling different cardiovascular diseases, such as arterial stiffness and atherosclerosis.
Introduction
Arterial pressure is one of the main parameters which has prognostic value 1,2 and can be used as an indicator in the human cardiovascular system, such as windkessel modeling. The windkessel model (WM) can be derived from axisymmetric one-dimensional Navier-Stocks equations. 3, 4 The WM is widely accepted in cases relating to pressure, flow and heart load. 5 This model was introduced by Stephen Hales (1733) and complemented by Otto Frank in the late 19 th century. 6, 7 Cerebrovascular pathologies, such as internal carotid artery aneurysm, are one of the main current health challenges in the western world. 8, 9 A cerebral aneurysm is a dilatation of the artery wall as a result of an increased amount of wall shear stress. The internal carotid artery is located at the circle of Willis (CoW) system and cerebral aneurysms almost always occur in this region. [10] [11] [12] The CoW is a collateral pathway structure of arteries located at the base of the brain. This circle's important role is to distribute blood (with high quantity of oxygen) to the brain. Oxygen-rich blood is infused to the CoW system by two isolated afferent vessel types: the vertebral-basilar artery (VBA) and the internal carotid arteries (ICAs). The ring structure of CoW is composed of the left and right posterior communicating arteries (L.PCoA and R.PCoA), the anterior communicating artery (ACoA), the left and right proximal anterior cerebral arteries (LACA-A1 and RACA-A1) and the left and right proximal posterior cerebral arteries (LPCA-P1 and RPCA-P1). The anterior arteries are connected to each other by the anterior communicating artery and the anterior circulation is joined to the posterior circulation by the left and right posterior communicating arteries. Blood flows through the circle to the efferent (out flowing) arteries, including the left and right distal anterior cerebral arteries (LACA-A2 and RACA-A2), the left and right distal posterior cerebral arteries (LPCA-P2 and RPCA-P2) and the left and right middle cerebral arteries (LMCA and RMCA). The anterior communicating artery (ACoA) plays an important role in collateral flow in the CoW system in cases of internal carotid occlusion 13, 14 or aneurysm; 15 the circle of R E T R A C T E D Willis vessels and the communicating arteries are mostly omitted. [16] [17] [18] Different models have been used to simulate the cardiovascular system. [19] [20] [21] Canete et al. 22 presented the object-oriented modeling of the closed-loop cardiovascular system. They used SIMSCAPE mathematical modeling in order to model the whole cardiovascular system. However, their model failed to show the diseases and the effects of different diseases on different arteries.The computer simulation study of the cardiovascular system is conducted by a hybrid program in order to predict the outcomes of the arteries affected by different diseases. 23 Nebot et al. 24 proposed a mixed quantitative/qualitative modeling and simulation of the cardiovascular system. Nonetheless, their preliminary effort to simulate the cardiovascular (CV) system was unable to consider the whole cardiovascular system. 25 Recently, the improved lumped parameter model (electrical analogy) was used to investigate the cardiovascular system. 26 In our latest study, we introduced a new model with 42 compartments which was able to mimic the operation of the cardiovascular system under normal conditions. [27] [28] [29] In this study, we tried to advance our previous models by the inclusion of cerebral compartments and normal blood flow inside the efferent arteries, including the LACA-A2, RACA-A2, LMCA, RMCA, LPCA-P2 and the RPCA-P2. The effects of an aneurysm on the whole circuit by increasing the incremental rate of aneurysm of the left internal carotid artery are studied. In a nutshell, this includes the following steps:
a) The simplified block diagram of the cerebral vascular system and the arteries branching off the aorta (as a subset of cardiovascular system) is developed in a new electrical circuit. b) The operation of a new cardiovascular system is modeled. c) The pressure distribution of six efferent arteries, including the left and right distal anterior cerebral arteries (LACA-A2 and RACA-A2), the left and right middle cerebral arteries (LMCA and RMCA) and, finally, the left and right posterior cerebral arteries (LPCA-P2 and RPCA-P2) are assessed under normal and pathological (fusiform aneurysm of the left internal carotid) conditions. d) The results are compared to the relevant experimental and clinical observation for verification.
Materials and Methods
The simplified block diagram of the cerebral vascular system and the arteries branching off the aorta (as a subset of cardiovascular system) is shown in Figure 1 . This block diagram is a real presentation of the physiological cerebrovascular system and has 29 compartments.
Arteries such as the left common carotid, the left subclavian and the brachiocephalic connect the cerebral vascular system to the whole cardiovascular system. These arteries are joined to different parts of the aorta, as shown by the red lines in Figure 1 . The equivalent electrical circuit of the circulatory system is depicted in Figure  2 (a) and Figure 2 (b) where each block contains three elements: resistor, capacitor and inductor and where the current and voltage represent blood flow and arterial pressure, respectively. Resistances correspond to peripheral vascular resistances that take place in the vessels and capacitors correspond to the volume compliance of the vessels that let them accumulate large quantities of blood. Finally, the inertia of the pulsating blood flow generates behavior much like that of an electronic inductor. Due to the very small size, communicating arteries (the anterior communicating artery as well as the left and right posterior communicating arteries) have no inductor element. 3 The radius of the fusiform aneurysm is assumed by the function:
The coefficients (a and b) can be easily calculated by a geometrical model of each internal carotid section, considering the different aneurysm expansion rates. The incremental rate of the aneurysm was considered as 20% R, 40% R, 60% R, 80% R and 100% R where R is the artery's radius. In any incremental rate, the aneurysm section was divided into 5 parts by 5 different radii and, in each part, by a specific radius; electrical parameters, such as resistances (R), capacitance (C) and inductance (L), are calculated by the following formulas: [29] [30] [31] R=8lμ/A 2 (2)
Where l and A are the length and cross-section area of the artery and μ is the blood viscosity.
Where E and h are the elastic modulus and thickness of the artery.
Where ρ is the blood density.
Results
Cerebral aneurysms, also known as intracranial or brain aneurysms, occur most commonly in the anterior cerebral artery, which is part of the circle of Willis. The next most common sites of cerebral aneurysm occur in the internal carotid artery region. The geometrical model of each internal carotid artery affected by a fusiform aneurysm was created and is indicated in Figure 3 (a). We placed the fusiform aneurysm at the internal carotid artery in the middle of it. Since a fusiform aneurysm 
R E T R A C T E D
(concentric radial dilatation) is an elongated, spindleshaped dilation of an artery; we assumed a sinusoidal shape for the aneurysm. Table 1 represents the values of capacitance (C), resistance (R) and inductance (L) for new elements. Using MATLAB Simulink, we modeled the operation of the cardiovascular system and the electrical circuit was checked to be independent of any oscillation.
The pressure-time graphs of the left and right posterior cerebral arteries are shown in Figure 3 The difference between the maximum and minimum amount of arterial pulse pressure varied from 102.105 mmHg to 104.727 mmHg (corresponding to 20% and 100% expansion rate of the aneurysm) for the LMCA, while the LACA-A2 pressure value varied between 97.48 mmHg and 99.12 mmHg when the expansion rate of the aneurysm increased from 20% to 100% in the PCoAs absent case (Figure 4(c) ). Figure 4 (d) and Figure 5 (a) to Figure 5 (e) indicate six major efferent arteries of the CoW pulse pressure as a function of the aneurysm's growth rate in the ACoA absent case, in the PCoAs absent case and also under the circumstance of complete CoW. There appears to be increased arterial pulse pressure through the left internal carotid artery when the aneurysm occurs in this region. Hence, the larger expansion rate of the aneurysm, the greater efferent artery pulse pressure. However, there are differences in the ACoA absent case, the PCoAs absent case and complete CoW. These are depicted in Figure 4 

Discussion
We present a lumped model of the whole cardiovascular system that is able to capture the main wave propagation characteristics observed in vivo in efferent arteries of the cerebrovascular system under both normal and pathological circumstances (fusiform aneurysm of left internal carotid artery). The pressure-time graphs of the 
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The anterior communicating artery (ACoA), as well as the left and right posterior communicating arteries (L.PCoA and R.PCoA), have a very high value of resistance. Therefore, the MCAs and ACAs are mainly supplied by the ICAs and the basilar arteries (BA) mostly perfuse the PCAs. Any pathological condition, such as an aneurysm in the left internal carotid artery, causes a major effect on the ipsalateral MCA and ACA-A2 pressure pulse. 34 The maximum arterial pulse pressure value of the efferent arteries of the circle of Willis, plotted as a function of the expansion rate of the left internal carotid artery fusiform aneurysm, is shown in Figure 3(d) . The left has a greater value than the right in all cases of efferent artery pressure. The left middle cerebral artery represent the highest growth rate of pressure and is followed by the left anterior cerebral artery. Since the L.PCoA and R.PCoA divide the circle of Willis to the anterior and posterior circulation, an aneurysm at any part of the anterior circulation (such as the left internal carotid artery) causes a minor effect on posterior vessels (such as the LPCA-P2 and the RPCA-P2). 10, 35 Resistance to flow through the posterior communicating arteries (L.PCoA and R.PCoA) is higher than the anterior communicating artery (ACoA) because of the very small diameter. When the ACoA is absent, the relationship between the right and left section of the circle of Willis is disconnected. Therefore, the LMCA and LACA-A2 pressure distributions are more severely affected than other arteries, when the fusiform aneurysm occurs on the left internal carotid artery territory (Figure 4(b) ). The LMCA and LACA-A2 curve have approximately the same slope while the RMCA and RACA-A2 diagram shows almost zero slope. When the PCoAs are absent, the received blood supply is completely isolated. In this case, the ACAs and MCAs are supplied only by the internal carotid arteries and the PCAs are perfused only with blood from the basilar artery. 36 The middle cerebral artery receives more blood supply than the LACA-A2 (Figure 4 (c)) due to three main reasons:
a) The straight connection between the LMCA and the LICA provides more blood flow to the LMCA. b) The LMCA is the first of the outflowing arteries to be supplied by the LICA. c) The LMCA has a greater diameter than the LACA-A2, thus, more blood is delivered to the LMCA. Figure  5 (c) show RACA-A2 and RMCA pressure pulse distribution versus the incremental rate of the aneurysm, respectively. As is shown, the ACoA absent curve displays a zero-slope diagram and the pressure pulse curve in the PCoA absent case, in any expansion rate of the aneurysm, depicts a higher value than the complete CoW case. When PCoAs are omitted, the "PCoA absent" curve exhibits a stable pressure of the LPCA-P2 and the amount of pressure in the ACoA case is higher than the "normal flow" case ( Figure 5(d) ). The amount of pressure of the RPCA-P2 in the complete circle of Willis condition is higher than the ACoA absent case and also the "PCoA absent" curve exhibits as stable a pressure for the RPCA-P2 as for the LPCA-P2 pressure curve ( Figure 5(e) ).
The results of the present study may have implications for clinical and biomedical studies. It also can be used in the modeling of different diseases in the cardiovascular system. Furthermore, in order to improve the results of modeling studies, the mechanical properties R E T R A C T E D of the arterial wall could be considered elastic or hyperelastic. The lumped model could get more valuable results if we could use the mechanical properties of human arteries, including the coronaries 37, 38 or the aorta. 39 
Conclusions
The cardiovascular model was improved with the emphasis on the brain arteries, including the circle of Willis. The normal operation of the system, as well as the pathology of brain aneurysms, was then simulated by the electrical circuit. The electrical models which were used in the present study to model the whole cardiovascular system are a useful tool for the better understanding of human cardiovascular physiology and also the effects of different diseases on heart performance. The main point of this study is an aneurysm at the anterior territory of cerebral arteries affects the middle region of the brain more. The results of the present study may have clinical implications for modeling different cardiovascular diseases, such as arterial stiffness and atherosclerosis.
